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We systematically investigate electron transport through double quantum dots with particular
emphasis on interference induced via multiple paths of electron propagation. By means of the
slave-boson mean-field approximation, we calculate the conductance, the local density of states, the
transmission probability in the Kondo regime at zero temperature. It is clarified how the Kondo-
assisted transport changes its properties when the system is continuously changed among the serial,
parallel and T-shaped double dots. The obtained results for the conductance are explained in terms
of the Kondo resonances influenced by interference effects. We also discuss the impacts due to the
spin-polarization of ferromagnetic leads.
PACS numbers: 73.63.Kv, 72.15.Qm, 72.25.-b, 73.23.Hk
I. INTRODUCTION
Recent intensive investigations of electron transport
through quantum dot (QD) systems have uncovered
novel correlation effects in nanoscale systems. In par-
ticular, the observation [1, 2] of the Kondo effect in QD
systems [3, 4, 5, 6, 7] opened a new path for the investi-
gation of strongly correlated electrons, which has stimu-
lated further experimental and theoretical studies in this
field [8]. More recently, a variety of QD systems, such
as an Aharonov-Bohm ring with QD, double quantum
dot (DQD) systems, etc, have been fabricated. An in-
teresting new feature in these systems is the interference
effects induced via multiple paths of electron propaga-
tion [9]. For example, such interference effects have been
clearly observed in the Aharonov-Bohm ring with QD
[10, 11, 12, 13, 14].
When electron correlations due to the Kondo effect are
affected by such interference, transport properties exhibit
remarkable properties. There have been a number of the-
oretical works on DQD systems in this context. For ex-
ample, it was pointed out that the DQD system shows
the dramatic suppression of the Kondo-assisted transport
due to the interference when the DQD is arranged in the
parallel geometry [15, 16, 17, 18, 19, 20, 21, 22], whereas
such interference effects do not appear in the serial DQD
[16, 23, 24, 25, 26, 27, 28, 29, 30]. More recently, slightly
different DQD systems with the parallel geometry, where
the two dots are connected via the exchange coupling [19]
or the tunneling [20, 21], have been studied. It has been
pointed out that the Kondo-assisted transport in these
cases exhibits different properties from the above simple
DQD case without the inter-dot coupling. The T-shaped
DQD [31, 32, 33, 34, 35, 36] is another prototype of such
correlated systems, for which the special arrangement of
the DQD provides an additional path of electron propa-
gation, giving rise to the interference effects. This system
also shows somewhat different transport properties from
the parallel DQD case, but the detailed analysis has not
been done systematically. In any case, the interplay of
the Kondo effect and the interference provides intriguing
phenomena due to electron correlations in the DQD sys-
tems. It is thus interesting to systematically study how
the interference together with the Kondo effect affects
characteristic transport properties in a variety of DQD
systems.
Motivated by the above hot topics, we investigate
Kondo-assisted transport properties in DQD systems,
when the geometry of the system is systematically
changed among the serial, parallel and T-shaped DQD.
We pay our particular attention to the Kondo effect
under the influence of the interference due to different
paths. We also discuss the DQD systems with ferro-
magnetic (FM) leads. This is stimulated by the recent
extensive study of spin-dependent transport through a
QD coupled to FM leads in the context of spintronics
[37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48]. Since the
Kondo effect is sensitive to the internal spin degrees of
freedom, notable phenomena caused by the FM leads are
expected to appear in transport properties.
This paper is organized as follows. In the next section,
we introduce the model and briefly summarize the for-
mulation based on the Keldysh Green function method.
Then in Sec. III, we calculate the local density of states
(DOS) and the linear conductance at zero temperature
by the slave-boson mean field approximation [49, 50] for
the serial, parallel and T-shaped DQD systems. We dis-
cuss characteristic transport properties induced by the
Kondo effect under the influence of interference. The ef-
fect of the spin-polarization due to the FM leads is also
addressed. A brief summary is given in the last section.
II. MODEL AND METHOD
We consider a DQD system shown schematically in
Fig. 1 [15, 16, 17, 18, 19, 20, 21, 22, 51]. In the
following discussions, the intra-dot Coulomb interaction
is assumed to be sufficiently large, so that double oc-
cupancy on each QD is forbidden. This assumption
allows us to use a slave-boson representation [49, 50]
of correlated electrons in the dots. In this represen-
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FIG. 1: DQD system connected by the inter-dot tunneling tc:
Γαm,mσ(α = L,R andm = 1, 2) represents the resonance width
due to transfer between the m-th dot and the α-th lead for
an electron with spin σ. By changing the ratio of tunneling
amplitudes, we continuously change the system among the
serial, parallel and T-shaped DQD.
tation, the creation (annihilation) operator of electrons
in the dot m (m = 1, 2), d†mσ(dmσ), is replaced by
d†mσ → f †mσbm (dmσ → b†mfmσ), where bm (fmσ) is
the slave-boson (pseudo-fermion) annihilation operator
for an empty state (singly occupied state). We can thus
model the system in Fig. 1 with a N(=2) fold degenerate
Anderson Hamiltonian,
H =
∑
kα,σ
εkασc
†
kασ
ckασ +
∑
m,σ
εmσf
†
mσfmσ
+
tc
N
∑
σ
(f †1σb1b
†
2f2σ + h.c)
+
1√
N
∑
kα,m,σ
(Vαmσc
†
kασ
b†mfmσ + h.c.)
+
∑
m
λm(
∑
σ
f †mσfmσ + b
†
mbm − 1). (1)
The first and second terms in the Hamiltonian (1) rep-
resent the electronic states in the leads and the dots,
where c†kασ(ckασ) is the creation (annihilation) opera-
tor of an electron with energy εkασ and spin σ in the
lead α (α = L,R). The coupling between the two dots
(between the lead and the dot) is given by the third
(fourth) term in the Hamiltonian (1). The last term
with the Lagrange multiplier λm is introduced so as to
incorporate the constraint imposed on the slave particles,∑
σ=↑,↓ f
†
mσfmσ + b
†
mbm = 1. The mixing term Vαmσ in
the Hamiltonian (1) leads to the linewidth function
Γαm,nσ(ε) = pi
∑
kα
VαmσV
∗
αnσδ(ε− εkασ). (2)
In the wide band limit, Γαm,nσ(ε) is reduced to an energy-
independent constant Γαm,nσ.
According to Ref. [51], we interpolate the serial DQD
and parallel DQD by continuously changing x = ΓR1,1σ =
ΓL2,2σ with the resonance width Γ
L
1,1σ(= Γ
R
2,2σ) fixed as
unity. Note that at x = 0 the model is reduced to
the DQD connected in series (serial DQD, Fig. 2(a)),
and at x = 1 the parallel DQD. Similarly, we mod-
ify the tunneling amplitudes in a different way, i.e. we
change y = ΓR2,2σ = Γ
L
2,2σ by keeping the resonance width
ΓL1,1σ(= Γ
R
1,1σ) fixed as unity. Then we can naturally in-
terpolate the parallel DQD (y = 1) and the T-shaped
DQD (y = 0), where only one of the two dots is con-
nected to the leads, as shown in Fig. 2(b).
dot1  
lead Rlead L
dot2
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FIG. 2: (a) Serial DQD system, which is a special case of Fig.
1 (ΓR1,1σ = Γ
L
2,2σ = 0). (b) T-shaped DQD system realized at
ΓL2,2σ = Γ
R
2,2σ = 0 in Fig. 1.
To analyze the model, we apply the mean-field approx-
imation to the slave-boson treatment [49, 50], in which
boson fields are approximated by their static mean val-
ues, bm(t)/
√
N → 〈bm(t)〉/
√
N = b˜m. We introduce the
renormalized quantities V˜αmσ = Vαmσ b˜m, t˜c = tcb˜1b˜2,
and ε˜mσ = εmσ + λm. The mean-field values of b˜1, b˜2, λ1
and λ2, are determined by the following set of self-
consistent equations, which are derived by the equation
of motion method for the non-equilibrium Keldysh Green
functions [16, 25],
b˜ 21(2) − i
∑
σ
∫
dε
4pi
G<1,1(2,2)σ(ε) =
1
2
, (3)
(ε˜1(2)σ − ε1(2)σ) b˜ 21(2)
−i
∑
σ
∫
dε
4pi
(ε− ε˜1(2)σ)G<1,1(2,2)σ(ε) = 0. (4)
In the above equations, G<1,1(2,2)σ(ε) is the Fourier trans-
form of the Keldysh Green function G<1,1(2,2)σ(t − t′) ≡
i〈f †1(2)σ(t)f1(2)σ(t′)〉. Eq. (3) represents the constraint
imposed on the slave particles, while Eq. (4) is obtained
from the stationary condition that the boson field is time-
independent at the mean-field level. From the equation
of motion of the operatorfmσ [6, 25, 52], we have the
explicit form of the Green function,
3G<1,1(2,2)σ(ε) =
2i
|Dσ(ε)|2
{ (
fL(ε)Γ˜
L
1,1(2,2)σ + fR(ε)Γ˜
R
1,1(2,2)σ
)(
ε− ε˜2(1)σ + iΓ˜2,2(1,1)σ
)(
ε− ε˜2(1)σ − iΓ˜2,2(1,1)σ
)
+
(
fL(ε)Γ˜
L
1,2(2,1)σ + fR(ε)Γ˜
R
1,2(2,1)σ
)(
ε− ε˜2(1)σ + iΓ˜2,2(1,1)σ
)(
t˜c + iΓ˜2,1(1,2)σ
)
+
(
fL(ε)Γ˜
L
2,1(1,2)σ + fR(ε)Γ˜
R
2,1(1,2)σ
)(
t˜c − iΓ˜1,2(2,1)σ
)(
ε− ε˜2(1)σ − iΓ˜2,2(1,1)σ
)
+
(
fL(ε)Γ˜
L
2,2(1,1)σ + fR(ε)Γ˜
R
2,2(1,1)σ
)(
t˜c − iΓ˜1,2(2,1)σ
)(
t˜c + iΓ˜2,1(1,2)σ
)}
, (5)
with Γ˜αm,nσ = b˜mb˜nΓ
α
m,nσ and Γ˜m,nσ = Γ˜
L
m,nσ +
Γ˜Rm,nσ (m,n = 1, 2 and α = L,R), where the denomi-
nator of Eq. (5) is
Dσ(ε) = (ε− ε˜1σ + iΓ˜1,1σ)(ε− ε˜2σ + iΓ˜2,2σ)
−(t˜c − iΓ˜1,2σ)(t˜c − iΓ˜2,1σ). (6)
From the renormalized parameters determined self-
consistently in Eqs. (3) and (4), we obtain the DOS
for the dot-1 and dot-2 as
ρ1(2),σ(ε) = −
b˜ 21(2)
pi
Im
[
ε− ε˜2(1)σ + iΓ˜2,2(1,1)σ
Dσ(ε)
]
.
(7)
By applying the Landauer formula in steady state, we
can derive the current I through the two dots [6, 25, 52],
I =
2e
h
∑
σ
∫
dε(fL(ε)− fR(ε))Tσ(ε), (8)
where the transmission probability is given by
Tσ(ε) =
2
Dσ(ε)
[
t˜c
(√
Γ˜L1,1σΓ˜
R
2,2σ +
√
Γ˜L2,2σΓ˜
R
1,1σ
)
+
√
Γ˜L1,1σΓ˜
R
1,1σ(ε− ε˜2σ) +
√
Γ˜L2,2σΓ˜
R
2,2σ(ε− ε˜1σ)
]2
.
(9)
We can thus compute the linear conductance GV=0 =
dI/dV |V=0 by
GV=0 =
2e2
h
∑
σ
Tσ(ε = 0). (10)
III. NUMERICAL RESULTS
In this section, we discuss transport properties at zero
temperature for the DQD systems with the serial, parallel
and T-shaped geometries. We also show the results ob-
tained for the DQD systems connected to spin-polarized
leads.
A. From serial to parallel DQD
Let us first discuss how the interference affects Kondo-
assisted transport when we continuously change the sys-
tem from the serial (x = 0) to parallel (x = 1) DQD.
For simplicity, we deal with the symmetric dots in the
Kondo regime with ε1 = ε2 = −3Γ0. The band width of
the leads is taken as D = 60Γ0, where Γ0 = Γ
L
1,1 = Γ
R
2,2
(unit of energy), and the Fermi level of the leads is chosen
as the origin of energy.
1. non-polarized leads
We begin with the DQD system coupled to non-
polarized leads: a brief report on this part can be found
in Ref. [21]. We should also mention two closely related
works presented recently by Zhang et al. [19] and Dong
et al. [20], who treated transport properties of similar
models with non-polarized leads. Here, we briefly sum-
marize our results, which will make clear how distinctly
the interference appears in the parallel DQD with and
without the spin polarization.
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FIG. 3: Linear conductance as a function of x = ΓR1,1σ =
ΓL2,2σ, where we set Γ
R
2,2σ = Γ
L
1,1σ = 1.
Figure 3 shows the linear conductance GV=0 as a func-
tion of x for several values of the inter-dot coupling tc.
Starting from the serial DQD (x = 0), we see that the
conductance has a maximum around x = 0.3 for tc = 1.5,
whereas it monotonically decreases for tc = 1 or takes a
tiny minimum structure around x = 0.8 for tc = 0.5. In
any case, as the system approaches the parallel DQD
4(x ∼ 1), the conductance is considerably suppressed.
These characteristic properties come from the Kondo ef-
fect modified by the interference, which is clearly seen
in the local DOS and the transmission probability shown
below.
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FIG. 4: (a)DOS for tc = 1.5: x = 0.2, 0.5 and 0.8. Inset
shows the DOS at x = 0. (b)The transmission probability
T (ε) for tc = 1.5. (c)Enlarged picture of (b) around ε = 0.
The local DOS of the dots around the Fermi energy
ε = 0 is shown in Fig. 4(a) for a typical value of
tc = 1.5. For the serial case (x = 0), the Kondo reso-
nance has a small splitting caused by the inter-dot cou-
pling tc [16, 23, 24, 25, 26, 27, 28]. The Kondo tem-
perature in this case is roughly estimated as 0.02Γ0, as
seen in the inset of Fig. 4(a). As x increases, one of
the resonances (lower-energy side), which is composed of
the ”bonding” Kondo state of the DQD, becomes sharp
around the Fermi energy, while the other ”anti-bonding”
Kondo state (higher-energy side) is broadened above the
Fermi level [15, 19, 20, 21, 34, 51]. This tendency results
from the fact that the bonding state is almost decou-
pled from the leads while the anti-bonding state is still
tightly connected to the leads as x → 1. As a result,
the renormalization of each Kondo temperature occurs:
for instance, the Kondo temperature for the narrower
(wider) resonance is about 0.01Γ0 (0.2Γ0) at x = 0.5.
Such two modified Kondo resonances also appear in
the transmission probability T (ε) (Fig. 4(b)). A remark-
able point is that the sharp resonance in T (ε) around the
Fermi energy in Fig. 4(b) becomes asymmetric and ac-
quires a dip structure (more clearly seen in Fig. 4(c)).
The asymmetric peak, which may be regarded as a Fano-
like structure, is caused by the interference between two
conduction channels having two distinct Kondo reso-
nances. This type of interference plays a crucial role to
determine the Kondo-assisted conductance in DQD sys-
tems [15, 19, 20, 21, 34, 51]. With the increase of x, the
maximum of the asymmetric resonance of T (ε) in Fig.
4(c) passes through the Fermi energy, from which we see
why the linear conductance GV=0 for tc = 1.5 in Fig.
3 has a maximum around x = 0.3 and then decreases.
When we choose different values of tc(=1.0, 0.5), analo-
gous interference effects occur, reducing the conductance
substantially when the system approaches the parallel
DQD. Therefore, we see that apart from the detailed de-
pendence, the characteristic behavior of the conductance
in Fig. 3 is due to the Kondo-assisted transport modified
by the interference effects.
Here we make a brief comment on the related work by
Zhang et al. [19], who treated an analogous DQD sys-
tem (two dots are connected via the exchange coupling
J). We have confirmed that for a given choice of the
inter-dot coupling tc in the present model and J in their
model, the conductance exhibits similar interference ef-
fects. However, there are several different properties be-
tween these two models. For example, in the serial-DQD
limit (x = 0), the former (latter) model has a finite (van-
ishing) conductance. Also, the gate-voltage control of the
dot levels shows an opposite tendency: the increase of the
dot-level enhances (suppresses) the effect of the inter-dot
coupling tc (J). These different properties come from the
fact that the former model allows charge fluctuations be-
tween the dots while the latter model prohibits them. We
will come back to this point later again in the discussions
of the T-shaped DQD.
2. spin-polarized leads
We next discuss the influence of the spin-polarized
leads on the conductance, where the leads L and R
have the same orientation of spin-polarization. The spin-
polarization of the leads gives rise to the difference in
the DOS between up- and down-spin conduction elec-
trons, so that the resonance width Γαm,nσ should be
spin-dependent. To represent how large the strength of
the spin polarization is, we introduce the effective spin-
polarization strength p, following the definition given in
the literature [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47,
53, 54]:
p =
Γαm,mσ − Γαm,mσ¯
Γαm,mσ + Γ
α
m,mσ¯
(0 ≤ p ≤ 1) . (11)
5This definition of p is equivalent to the condition imposed
on Γαm,mσ,
Γ
L(R)
m,m↑ = (1 + p)Γ
L(R)
m,m |p=0,
Γ
L(R)
m,m↓ = (1 − p)ΓL(R)m,m |p=0, (12)
for up-spin (majority-spin) electrons and down-spin
(minority-spin) electrons, respectively. We think that the
above simple assumption captures some essential effects
due to the polarization of the leads.
Since the system for small x shows the p-dependence
similar to the serial case (x = 0) studied elsewhere [46],
we discuss spin-polarized transport at x = 0.8, which
includes essential properties inherent in the parallel setup
(x ∼ 1).
0 0.2 0.4 0.6 0.8 10
0.2
0.4
0.6
0.8
1
co
n
du
ct
an
ce
(2e
2 /h
)
p
x=0.8
up spin
down spin
FIG. 5: Linear conductance as a function of the spin-
polarization strength p for tc = 1.5 and x = 0.8. The contri-
bution from up- and down-spin electrons is also shown.
In Fig. 5 the linear conductance is shown as a func-
tion of the spin-polarization strength p for the inter-dot
coupling tc = 1.5 at x = 0.8. As p increases, the contri-
bution of down-spin electrons to the total conductance
begins to increase, giving rise to a maximum around
p = 0.6, whereas the contribution of up-spin electrons
decreases monotonically. The above behavior due to the
spin-polarization is explained in terms of the modified
Kondo resonances and the asymmetric structure of T (ε)
around the Fermi energy. Shown in Fig. 6(a) is the
DOS of up- and down-spin electrons for p = 0.6, which
is compared with that for p = 0. The introduction of the
spin-polarization of leads broadens the Kondo resonance
of up-spin electrons whereas it sharpens that of down-
spin electrons. Such change in the widths of the Kondo
resonances (inset of Fig. 6(a)) modifies the asymmetric
nature of the transmission probability T (ε), as seen in
Fig. 6(b): the asymmetric structure in T (ε) of up-spin
electrons for p = 0.6 is smeared, while that of down-
spin electrons gets sharp. The transmission probability
at the Fermi energy for up-spin electrons thus decreases
with the increase of p, so that the contribution of up-spin
electrons to the conductance goes down monotonically.
However, the conductance of down-spin electrons takes
a maximum when the asymmetric peak of T (ε) reaches
the Fermi energy, as shown in Fig. 5. Similar consid-
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FIG. 6: (a) DOS of up- and down-spin electrons connected
to normal leads (p = 0) and ferromagnetic leads (p = 0.6).
We assume tc = 1.5 and x = 0.8. Inset: Enlarged picture
around ε = 0. (b)Transmission probability T (ε) of up- and
down-spin electrons.
erations can be applied to other choices of the parame-
ters tc = 0.5 and 1.0. In any case in the Kondo regime,
the spin polarization changes the asymmetric structure
of T (ε) more significantly for down-spin (minority-spin)
electrons, making their contribution to the conductance
more dominant.
B. From parallel to T-shaped DQD
We now discuss how the Kondo-assisted transport
changes its character when the system is changed con-
tinuously from the parallel DQD to the T-shaped DQD.
For this purpose, we change the resonance widths y =
ΓL2,2σ = Γ
R
2,2σ by keeping Γ
L
1,1σ = Γ
R
1,1σ fixed as unity.
At y = 0, the dot-2 is decoupled from two leads and is
connected only to the dot-1 via tunneling tc (T-shaped
geometry shown in Fig. 2(b)). On the other hand, the
system with y ∼ 1 exhibits properties characteristic of
the parallel DQD. In the following calculation, we as-
sume ΓL1,1σ = Γ
R
1,1σ and take Γ0 = Γ
L
1,1|p=0 + ΓR1,1|p=0 as
the unit of energy.
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FIG. 7: DOS of (a) dot-1 and (b) dot-2 around the Fermi
energy. (c)The corresponding transmission probability T (ε).
We set tc = 2 and ε1 = ε2 = −3.0.
1. non-polarized leads
In Figs. 7(a) and (b) the DOS is shown in the Kondo
regime with ε1 = ε2 = −3.0. For y = 0.8, the DOS
has the Kondo resonance with the double-peak structure
both for the dot-1 and the dot-2, where one of the two
peaks is sharp around the Fermi energy while the other
is broad above the Fermi energy. We have already en-
countered such situation in the previous subsection for
the system close to the parallel dot (x ∼ 1). However,
when the system approaches the T-shaped DQD (y → 0),
quite different behavior emerges. As y decreases, the
Kondo resonance of the dot-1 gradually becomes sym-
metric with a sharp dip structure at ε ∼ 0, whereas the
DOS of the dot-2 develops a single Kondo peak located
at the same position as the dip structure in the DOS of
the dot-1. This change in the DOS can be interpreted as
follows. When y ∼ 1 (close to the parallel geometry) the
two resonances are composed of the bonding and anti-
bonding Kondo states. On the other hand, for y ∼ 0
(T-shaped geometry), they are composed of the Kondo
states at the dot-1 and the dot-2, where the former (lat-
ter) has a broad (sharp) resonance [31, 32, 33, 34, 35, 36].
As y decreases, the double-peak structure of the Kondo
resonances gradually changes its properties between the
two limits mentioned above. It should be noticed that
in the T-shaped case, the DOS of the dot-1 itself devel-
ops a dip structure by interference effects with the dot-2
[31, 32, 33, 34, 35, 36], in contrast to the case of the
parallel geometry.
Figure 7(c) shows the corresponding transmission
probability T (ε) for several choices of y. As in the pre-
vious subsection, T (ε) for y = 0.4 and 0.8 has the asym-
metric peak with the dip structure. However, the dip of
T (ε) always stays around ε = 0, whose position is de-
termined by the Kondo state of the dot-2, so that the
conductance is almost zero (not shown here) irrespective
of the change of y.
So far, we have fixed the dot levels so as to keep the
system in the Kondo regime. We now discuss what hap-
pens when the energy levels of the dots are altered by
the gate-voltage control. To be specific, we focus on the
T-shaped DQD (y = 0) [31, 32, 33, 34, 35, 36]. We first
change ε1 of the dot-1 by keeping that of the dot-2 fixed
as ε2 = −3.0.
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FIG. 8: DOS of the dot-1 for the T-shaped DQD (y = 0):
(a) ε2 = −3.0 and (b) ε1 = −3.0. The inter-dot coupling is
chosen as tc = 2.0.
Figure 8(a) shows the DOS of the dot-1 plotted as a
function of ε1. The increase of ε1 causes the broadening
of the Kondo resonance and enhances charge fluctuations.
Accordingly, the dip structure in DOS of the dot-1 shifts
above the Fermi energy and gets more asymmetric. As
a result, the conductance gets large with the increase of
ε1, as shown in Fig. 9. This is contrasted to the single
dot case, where the increase of ε1 decreases the conduc-
tance. When the level ε2 of the dot-2 is altered, slightly
different behavior appears. In this case the increase of
ε2 does not directly enhance charge fluctuations of the
dot-1, but mainly increases the renormalized tunneling t˜c
because electron correlations between two dots get some-
what weaker. This merely enlarges the splitting of the
double peaks in DOS of the dot-1 (Fig. 8(b)), and thus
the conductance is still very small, as seen in the region
7of ε < −1 in Fig. 9. However, as ε2 approaches the Fermi
level, the enhanced t˜c finally causes charge fluctuations
of the dot-1, and then increases the linear conductance.
In this way, the gate-voltage control of ε1 and ε2 appears
in slightly different ways. Nevertheless, both exhibit a
similar tendency in the gate-voltage dependence of the
conductance, which is opposite to the single-dot case.
Although we have restricted our discussions to the T-
shaped DQD here, similar arguments about the gate-
voltage control of the dot levels can be straightforwardly
applied to other cases such as the parallel DQD.
To conclude this subsection, we wish to mention some
similarities and differences between the present T-shaped
DQD and a side-coupled QD that has been studied the-
oretically [55, 56, 57, 58, 59] and experimentally [60].
In both models, there exists the interference effect due
to the T-shaped geometry including the side-coupled
QD, which is essential to control transport properties.
Namely, the coexistence of a direct tunneling without a
side-dot and an indirect tunneling via a side-dot results
in an asymmetric transmission probability. In contrast to
the T-shaped DQD, where both of the two dots are highly
correlated, the side-coupled QD is supposed to have elec-
tron correlations only in the side dot. In this sense, we
would say that the charge-fluctuation regime with ε ∼ 0
in the T-shaped DQD, where electron correlations are
somewhat suppressed in the dot-1, may exhibit proper-
ties similar to those in the side-coupled QD system.
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FIG. 9: Linear conductance as a function of the bare energy
level: we change ε1 (filled circles), by keeping ε2 = −3.0
fixed, while we change ε2 (open circles) by keeping ε1 = −3.0
fixed. The inter-dot coupling for these plots is tc = 2.0. For
reference we plot the conductance for the single dot system
(tc = 0) as filled triangles.
2. spin-polarized leads
We finally discuss the T-shaped DQD connected to the
ferromagnetic leads, where the leads L and R have the
same orientation of spin-polarization. We will see be-
low that the gate-voltage control discussed above is help-
ful to understand the characteristic p-dependence of the
conductance. Here we consider the case of ε1 = −1.5,
ε2 = −3.0 and tc = 2.0, where the conductance is fi-
nite even at p = 0, as shown in Fig 9. Figure 10 shows
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FIG. 10: DOS of the dot-1 for the T-shaped DQD: non-
polarized leads (p = 0) and spin-polarized leads (p = 0.8).
We choose ε1 = −1.5, ε2 = −3.0 and tc = 2.0. Inset: DOS of
the dot-1 drawn in a wider energy range.
the DOS of the dot-1 connected to non-polarized leads
(p = 0) and spin-polarized leads (p = 0.8). The width
of the Kondo resonance (with a sharp dip) is changed
by the spin-polarization of the leads, so that the DOS of
the dot-1 for up-spin (majority spin) electrons is broad-
ened while that for down-spin (minority spin) electrons
gets sharp. Accordingly, charge fluctuations of the up-
spin (down-spin) electrons are somewhat enhanced (sup-
pressed). Following the analysis done for the gate-voltage
control (Fig.9), we naturally expect that the contribu-
tion of up-spin (down-spin) electrons to the total conduc-
tance gets large (small) under the influence of the spin
polarization. We have indeed confirmed this tendency
in the conductance, where up-spin (down-spin) currents
are increased (decreased) as a function of p, as shown
in Fig. 11. Notice that this result is contrasted to the
0 0.2 0.4 0.6 0.8 10
0.2
0.4
0.6
0.8
1
co
n
du
ct
an
ce
 (2
e2
/h
)
p
total
up spin
down spin
FIG. 11: Linear conductance as a function of the strength
of the spin-polarization p. The contribution from up- and
down-spin electrons is also shown.
p-dependence in Fig. 5. The difference, as mentioned
8above, comes from the fact that the double structure of
the Kondo resonances is composed of the bonding and
anti-bonding Kondo states (the dot-1 and dot-2 Kondo
states) in the case of Fig. 5 (Fig. 11), respectively. To
see the difference between Figs. 5 and 11 more clearly, we
recall that in Fig. 11 the increase of p merely changes the
resonance width and thus increases (decreases) T (ε = 0)
for up-spin (down-spin) electrons, which results in the
linear increase (decrease) of the conductance as a func-
tion of p. On the other hand, as mentioned before, in the
case of Fig. 5, the introduction of p not only changes the
width of the asymmetric resonance in T (ε) but also shifts
its peak position for down-spin electrons, which leads to
the non-monotonic p-dependence of the conductance for
down-spin electrons. This consideration clarifies why we
have encountered the different p-dependence of the con-
ductance in Figs. 5 and 11.
IV. SUMMARY
We have studied transport properties of the DQD sys-
tems with particular emphasis on the interplay of the
Kondo effect and the interference effect. For this pur-
pose we have observed how the Kondo-assisted conduc-
tance alters its properties when the system is changed
from the serial to parallel geometry, and from the paral-
lel to T-shaped geometry.
For the serial DQD, it is known that the Kondo reso-
nance may have a double-peak structure due to the inter-
dot tunneling, which somehow reduces the conductance.
In this case, however, there is no interference effect. On
the other hand, when the system approaches the paral-
lel DQD, there appear two distinct channels of electron
propagation via the bonding and anti-bonding dot states,
which respectively form the sharp and broad Kondo res-
onances. The interference between these two Kondo res-
onances gives rise to the asymmetric dip structure in the
transmission probability, which reduces the conductance
significantly. We have seen that the T-shaped DQD ex-
hibits somewhat different properties. In this case, the
DOS of the dot-1 connected to the leads has a broader
resonance and develops a sharp dip structure in it as a
consequence of interference with the dot-2 having a much
sharper Kondo resonance. Therefore, the DOS as well as
the transmission probability always have the dip struc-
ture at the Fermi level, thus giving a very small conduc-
tance in the Kondo regime.
It has been shown that the gate-voltage control causes
two main effects via the change of the dot-levels: the
increase of the dot-level induces charge fluctuations and
also causes the renormalization of the effective inter-dot
coupling. These effects make the characteristic behavior
of the conductance quite different from that for the single
dot case. In particular, it has been demonstrated in the
T-shaped case that the gate-voltage (i.e. dot-level) con-
trol leads to a tendency contrary to the single-dot case:
the conductance increases with the increase of the bare
level of the dot, reflecting the Kondo effect influenced by
the interference effect.
We have also discussed the impact of the FM leads
on transport properties. The change in the Kondo reso-
nances due to the spin-polarization of the FM leads mod-
ifies the asymmetric structure in the transmission prob-
ability, so that the spin-dependent currents may flow de-
pending on the spin-polarization strength p. It has been
shown that the spin-dependent conductance is quite sen-
sitive to the geometry of DQD, implying that the inter-
ference of electrons plays a crucial role to determine the
transport properties.
Experimentally, the Kondo effect in DQD systems has
been observed recently [22, 30]. It is thus expected that
interference effects will be systematically studied in a va-
riety of DQD systems including the T-shaped DQD. We
also hope that the spin-dependent conductance in such
correlated DQD can be controlled by spin-polarization in
the near future.
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